According to the protonmotive Q 1 cycle (1, 2), the cytochrome bc 1 complex is able to move charges across the membrane in which it is embedded by using one of the two electrons obtained from quinol oxidation at center P to reduce quinone bound at center N. A key feature of this cycle is that the semiquinone formed at center N after one center P turnover needs to be stabilized until the second electron from another QH 2 oxidation at center P can arrive. A stable SQ at center N has been detected by EPR spectroscopy in the bc 1 complex from different sources (3-6), and this stabilization helps to explain why superoxide formation at center N is virtually non-existent when center P is blocked with stigmatellin (7, 8). However, considering that reactions at center N are fully reversible, stabilizing SQ at center N should also favor the one electron transfer from QH 2 to heme b H . When heme b H is reduced, center P catalysis is slowed down, as has been observed when antimycin blocks cytochrome b reoxidation or when there is no Q available to oxidize heme b H (9). Therefore, a mechanism should exist that avoids b H reduction through center N without destabilizing SQ at that site.
According to the protonmotive Q 1 cycle (1, 2), the cytochrome bc 1 complex is able to move charges across the membrane in which it is embedded by using one of the two electrons obtained from quinol oxidation at center P to reduce quinone bound at center N. A key feature of this cycle is that the semiquinone formed at center N after one center P turnover needs to be stabilized until the second electron from another QH 2 oxidation at center P can arrive. A stable SQ at center N has been detected by EPR spectroscopy in the bc 1 complex from different sources (3) (4) (5) (6) , and this stabilization helps to explain why superoxide formation at center N is virtually non-existent when center P is blocked with stigmatellin (7, 8) . However, considering that reactions at center N are fully reversible, stabilizing SQ at center N should also favor the one electron transfer from QH 2 to heme b H . When heme b H is reduced, center P catalysis is slowed down, as has been observed when antimycin blocks cytochrome b reoxidation or when there is no Q available to oxidize heme b H (9) . Therefore, a mechanism should exist that avoids b H reduction through center N without destabilizing SQ at that site.
Crystal structures of the bc 1 complexes from various sources (10 -13) show a dimeric structure in which the b L hemes of each monomer are close to each other with an edge-to-edge distance ranging from 10.4 to 11.2 Å (Fig. 1 ). According to electron tunneling calculations, such distance should allow electron transfer at a rate in the order of 10 4 -10 5 s Ϫ1 (14) . Before this structural information was available, kinetic and spectroscopic evidence was used to propose direct electron equilibration between the two center N sites of the dimer (15, 16) . However, such equilibration was assumed to occur by direct electron transfer between the Q molecules bound at the two center N sites and not by electron communication between the b L hemes. Crystal structures have since shown such transfer to be impossible due to distance constraints.
We have recently provided evidence that two b H hemes per bc 1 dimer can be reduced through one center P when both center N sites are blocked with antimycin and that the stimulation of steady state catalysis by low concentrations of antimycin requires both monomers to use only one center N for Q reduction (17) . However, rapid mobility of an antimycin molecule between the two N sites of the dimer has also been proposed to account for non-linear inhibition of steady state activity (18) . In the present work, we have analyzed the pre-steady state kinetics of reduction through center N and conclude that electron equilibration between cytochrome b subunits through the b L hemes of the dimeric bc 1 complex is the only model consistent with the experimental data. We also suggest that a possible function of this intermonomer electron communication is to use the stabilization of SQ at center N to maintain the b H hemes in the oxidized state, ensuring a maximal rate of QH 2 oxidation at center P.
reduced by 50 nM bc 1 complex, assuming two cytochrome c molecules reduced per MQH 2 oxidized.
Purification of Cytochrome bc 1 Complex-Cytochrome bc 1 complex was isolated from Red Star cake yeast as described previously (19, 24) . Quantification of the bc 1 complex was performed as reported before (20) by using extinction coefficients of 17.5 mM Ϫ1 cm Ϫ1 at 553-539 for cytochrome c 1 (25) and 25.6 mM Ϫ1 cm Ϫ1 at 563-579 for the average absorbance of the b H and b L heme in cytochrome b (26) . 1 Complex-A modification of the procedure reported by Kröger (27) was used. Briefly, 100 l of a 30-80 M solution of purified bc 1 complex was mixed with 2.4 ml of a mixture of 60% methanol: 40% cyclohexane (v/v) in a 10-ml glass tube with screw cap. The upper phase containing cyclohexane was collected, and the lower layer was re-extracted with 1 ml of cyclohexane. The cyclohexane phases were evaporated under an argon gas flow, and the yellowish residue was dissolved in 1 ml of ethanol. UV spectra of these samples were recorded in the range of 240 -340 nm by using an Aminco DW-2 dual wavelength spectrophotometer. Spectra were recorded before and after the addition of 5 l of 0.5 M sodium borohydride. The reduced spectra were subtracted from the oxidized spectra, and Q content was calculated from these difference spectra by using an extinction coefficient of 12.9 mM Ϫ1 cm Ϫ1 at 275 nm. The average content of endogenous Q in three different purified bc 1 complex preparations was found to be 1.08 Ϯ 0.08 Q/monomer.
Quantification of Endogenous Ubiquinone in Purified bc
Pre-steady State Reduction of bc 1 Complex-Pre-steady state reduction of cytochrome b was followed at room temperature by stopped flow rapid scanning spectroscopy using the OLIS rapid scanning monochromator (20) . Reactions were started by rapid mixing of 3 M enzyme (expressed as monomers of bc 1 complex) in assay buffer containing 50 mM phosphate, pH 7.0, 250 mM sucrose, 1 mM sodium azide, 0.2 mM EDTA, 0.05% Tween 20, 6 M stigmatellin or myxothiazol, and variable concentrations of antimycin (between 0 and 3 M) against an equal volume of the same buffer, without enzyme and inhibitors, containing different concentrations of DBH 2 or MQH 2 . For each experiment, 6 -8 data sets were averaged, and the oxidized spectrum was subtracted. The time course of absorbance change at 563 and 578 nm was extracted by using software from OLIS.
Kinetic Modeling-The Dynafit program (Biokin, Ltd.) used for kinetic modeling calculates and solves a system of differential equations that correspond to the time-dependent change in concentration for each species involved in a given reaction mechanism, including substrates and products, as well as any other ligands (28) . The mechanism is described as a series of individual reaction steps. A family of kinetic traces in which one or more ligand concentrations are changed can be fitted globally to one or more kinetic models. An extinction coefficient can be assigned to some of those species that contribute to observed absorbance changes. In the models used in the present work, extinction coefficients of 36 and 15 mM Ϫ1 cm Ϫ1 were used for hemes b H and b L , respectively. These values come from the reported extinction coefficient of 51.2 mM Ϫ1 cm Ϫ1 for a fully reduced cytochrome b monomer (usually expressed as 25.6 mM Ϫ1 cm Ϫ1 for the average absorbance of both b hemes), taking into consideration that b H contributes ϳ70% of this value (26, 29) . Since the mixing chamber in the OLIS-rapid scanning monochromator has a path length of 2 cm, full b H reduction of the bc 1 complex present in the reaction (1.5 M) would result in a ⌬ absorbance value at 563-579 of ϳ0.108, whereas full b H and b L reduction should yield ⌬ absorbance ϭ 0.154. Dynafit also allows modeling of an equilibration phase in which two or more ligands interact before dilution and the addition of other reactants. A simplified explanation of the models used in fitting and simulating data is provided below. The complete script files are provided as Supplemental Data.
For fitting of pre-steady state kinetics of cytochrome b reduction by QH 2 through center N in the presence of variable antimycin concentrations, two models were used. One of the models assumed that the dimeric oxidized enzyme (E) bound tightly one or two inhibitor (I) molecules in a random, non-cooperative manner before the addition of substrate to form three possible complexes (E.I, I.E, and I.E.I). Then, binding of QH 2 was allowed to form five possible productive complexes (E.QH 2 , QH 2 .E, QH 2 .E.QH 2 , I.E.QH 2 , and QH 2 .E.I). Electron transfer reactions were assumed to occur for each of these complexes as shown in Fig. 2 , Scheme 1, in which reactions for only two of all possible complexes (I.E.QH 2 and QH 2 .E.I) are depicted. This model assumed that an electron in the b H heme of one monomer (EbH or bHE) could be transferred to the b H heme in the other monomer reversibly in a single step (with k 3 ϭ k -3 ), which would include intermediate reactions occurring through the b L hemes not explicitly considered in this particular model. The result of this intradimer equilibration is that both b H hemes can be reduced through only one center N in the dimer. This is illustrated in Scheme 1, in which both b H hemes in QH 2 .E.I and I.E.QH 2 can be reduced to yield Q.bHEbH.I and I.bHEbH.Q. In this model, SQ was considered to be a tightly bound ligand, not dissociating from E.
The second model omitted the intermonomer electron transfer step and included instead the movement of I from one monomer to the other (18) , as shown in Fig. 2 , Scheme 2. In this model, QH 2 (E m ϭ 90 mV) is not able to reduce heme b L (E m ϭ Ϫ30 mV, see Ref. 30 ) significantly to form Q, which would then be able to leave center N. Thus, SQ had to be assumed to dissociate, allowing the inhibitor to move from the oxidized to the reduced b H monomer. This made it possible for QH 2 to bind and reduce the second b H in the dimer, as illustrated in Fig. 2 , Scheme 2, in which I.bHEbH.SQ and SQ.bHEbH.I can only be formed after SQ dissociates from SQ.bHE.I and I.EbH.SQ. This dissociation was considered to be irreversible due to the reactivity of the highly reducing SQ molecule outside center N. Movement of I between monomers was described by a rate constant (k im ) different from the dissociation rate constant that would result in the formation of free I (k dI ).
Reduction of cytochrome b by MQH 2 through center N in the absence of antimycin was also fitted to two different models. One of them was a FIG. 1. Distances between hemes in the cytochrome bc 1 dimer. The figure shows the edge-to-edge distances between heme groups excerpted from the crystal structure of the yeast enzyme (12) . The approximate locations of the center P and center N reaction sites are also shown, along with the sites of inhibition by stigmatellin (Stig), myxothiazol (Myxo), and antimycin (Ant). modified version of the mechanism explained in Fig. 2 , Scheme 1 in which equilibration of one molecule of endogenous Q per bc 1 complex monomer was allowed before dilution and mixing with MQH 2 . For simplicity, no distinction was made between the monomers, as was done in the models described above. Electron transfer between monomers was implicitly included by making ligands in either site exchange electrons with either one of the b H hemes. This is illustrated in Fig. 2 , Scheme 3, in which some of the possible reactions included for E.MQH 2 .Q are shown. The same sequence of possible reactions would apply for E.MQH 2 and E.MQH 2 .MQH 2 , with additional binding and dissociation of ligands from any of the two center N sites of the dimer. Only the semiquinones SQ and MSQ were assumed not to dissociate from the enzyme. Reduction of b L was included in additional reaction steps from EbHbH complexes. To reduce script size, binding of MQ and QH 2 were not written as separate reactions but were instead included in the corresponding electron transfer step in which they participated. This is reasonable considering that the reactions involving these two ligands will be mostly unidirectional, with MQ (E m ϭ Ϫ70 mV) rarely taking electrons from b H (E m ϭ 120 mV) and QH 2 being formed in low concentrations from the two-electron reduction of only 1 eq of endogenous Q per monomer.
The second model used considered E to be only a monomeric bc 1 complex, with no possibility of intermonomer electron transfer. This linear model describes a transhydrogenation reaction in which electrons from MQH 2 can only be transferred to Q after both b H and b L hemes in a monomer have been reduced so that MQ leaves center N and Q binds to oxidize the fully reduced cytochrome b. This mechanism is illustrated in Fig. 2 , Scheme 4.
The only rate constants that were fixed during the fitting procedure were k b and k Ϫb , which describe the electron transfer between the b L and b H hemes. Considering that equilibration between both hemes occurs within a few s, the rate from b L to b H (k b ) was set to 10 5 s Ϫ1 . To fix the value for the reverse rate constant from b H to b L (k Ϫb ), the following thermodynamic considerations were made. The equilibrium constant (K eq ) for electron transfer between both hemes can be calculated from the Nernst equation at 25°C.
Using a difference in redox potential (⌬E m ) between the two b hemes in yeast of Ϫ150 mV (30) Absorbance-Red shifts induced by antimycin upon reduction with substrate after inhibitor addition were determined after incubating 3 M yeast enzyme for at least 2 min with 6 M stigmatellin and different concentrations of antimycin in assay buffer before rapid mixing against an equal volume of buffer containing 24 M MQH 2 by using the OLIS rapid scanning monochromator. The kinetic traces showed no further change in cytochrome b absorbance measured at 568 -579 nm after 1.2 s of collection. Therefore, the 800 spectra collected between 1.2 and 2.0 s were averaged by using the OLIS software. The absorbance values for The averaged spectrum without antimycin cannot be used directly as a reference for the spectra with antimycin because of its larger absorbance. Therefore, a normalization procedure was followed to generate a calculated reference spectrum for each of the spectra with antimycin. First, the absorbance of all spectra was made equal to zero at the reference wavelengths for cytochrome b (579 nm) by subtracting the absorbance of all wavelengths from the value at 579 nm. Then, the absorbance of each of the spectra at the reference wavelength for cytochrome c 1 (539 nm) was also made equal to zero while maintaining the absorbance value at 579 nm fixed, applying the following equation.
Abs f is the final absorbance value at a particular wavelength (), and Abs i is the initial absorbance at that same wavelength. This equation in effect changes the slope of an imaginary line between 539 and 579 nm to a value of zero. Therefore, the final result is that all spectra will have zero absorbance at both wavelengths while preserving the shape of the spectra, similar to a baseline correction. The final step involves normalizing the absorbance of the spectrum taken with no antimycin to each of the other spectra separately. Since the maximum absorbance of the spectrum without antimycin was at 563 nm, this wavelength was used for the normalization according to the following equation.
Abs fn I 0 corresponds to the final absorbance at each wavelength of the spectrum with zero antimycin that is used as reference for the spectrum taken with n equivalents of antimycin per bc 1 complex monomer. This generated a unique reference spectrum for each of the spectra with inhibitor. Abs i I 0 is the initial absorbance at each wavelength of the spectrum with no antimycin (after applying Equation 6 above). Abs 563 I n is the absorbance at 563 nm of the spectrum taken with n equivalents of antimycin. Abs 563i I 0 corresponds to the initial absorbance at 563 nm of the spectrum with no antimycin that resulted from applying Equation 6 . For example, if the absorbance at 563 nm of a spectrum taken with a certain concentration of antimycin (Abs 563 I n ) was 0.03, and the absorbance at that same wavelength in the spectrum with no antimycin (Abs 563i I 0 ) was 0.06, the absorbance at all wavelengths of the spectrum with no antimycin (Abs i I 0 ) would be multiplied by 0.5 to obtain the reference spectrum. The normalized absorbance at each wavelength of this reference spectrum (Abs fn I 0 ) was then subtracted from the absorbance at each wavelength of the spectrum with that particular concentration of antimycin (Abs I n ), as expressed in Equation 8 .
The difference spectra for each n antimycin concentration (⌬Abs I n )
had zero absorbance at 539, 563, and 579 nm because of the normalization procedure described above. This resulted in red shift spectra with larger absolute absorbance values for the peak than for the trough. However, the absolute absorbance difference between peak and trough is independent of this asymmetry, and therefore, the magnitude of the red shift can still be taken as a direct measure of antimycin bound to a center N, where the b H heme underwent reduction after the addition of the inhibitor.
RESULTS

Titration of the Pre-steady State Reduction of Cytochrome b through
Center N with Antimycin-When center P was blocked, increasing concentrations of antimycin at intervals of 0.1 mol/ mol of bc 1 monomer modified the kinetics of cytochrome b reduction by DBH 2 as shown in Fig. 3 . A good fit to the experimental data (Fig. 3A) was obtained by using a model that allowed electrons to move between monomers as described in Fig. 2 , Scheme 1, and under "Experimental Procedures." A fitted value of 21.1 s Ϫ1 was obtained for the intradimer electron transfer rate (k 3 in Fig. 2 , Scheme 1, see Supplemental Data for fitted values of all other rate constants). In contrast, fitting to a model assuming fast antimycin movement between monomers and no intradimer electron transfer yielded sharply biphasic kinetics and a larger extent of reduction than experimentally observed, especially at low antimycin concentrations (Fig. 3B ). This was a consequence of the SQ dissociation step (fitted value of k dSQ ϭ 3.4 s Ϫ1 ) included in the model, which was needed to allow movement of an inhibitor molecule from an oxidized to a reduced monomer (Fig. 2, Scheme 2) . According to this model, the excess of QH 2 present (16 mol of DBH 2 /monomer) should result in full b H reduction in both monomers (⌬Abs ϳ0.1) when little or no inhibitor is present, which was clearly not the case. Furthermore, the fitted value for the rate of intermonomer movement of antimycin (k im ϭ 1.9 ϫ 10 9 s Ϫ1 ) had a standard error several orders of magnitude higher than the fitted value. This means that any value for this constant could be used with little effect on the overall kinetics because movement of antimycin from one monomer to the other would be limited by the rate of SQ dissociation (k dSQ ). Modifying the model by allowing SQ dissociation to be reversible by including an association rate constant (k aSQ ) with a separate irreversible step describing SQ autoxidation to Q outside center N did not improve the fitting (data not shown).
When the total extent of cytochrome b reduction was plotted as a function of antimycin concentration, non-linear titration curves were obtained (Fig. 4) . This occurred independently of the substrate (DBH 2 or MQH 2 ) or center P inhibitor (stigmatellin or myxothiazol) used. Titrating center N with another inhibitor such as ilicicolin (31) yielded the same results (not shown). These non-linear titration curves could be fitted by assuming that the same extent of reduction could be obtained when either one or both center N sites per dimer were not bound by antimycin (Fig. 4, solid lines) . This implies that both 
b H hemes in a dimer can equilibrate with the substrate through only one center N, as assumed in the model used for fitting in Fig. 3A . In contrast, if each b H heme is assumed to be reducible only through its adjacent center N in the same monomer, linear inhibition would be expected (Fig. 4, dashed lines) . Linear binding of antimycin to center N was observed by measuring the red shift induced in the spectrum of dithionite-reduced b H upon binding of the inhibitor (not shown), as has been reported in other bc 1 complexes (32). This eliminates the possibility that non-linearity in the extent of cytochrome b reduction was due to poor accessibility of antimycin to center N at low inhibitor concentrations due to the presence of detergent.
Reduction of b H Heme in the Antimycin-blocked Center NHydrophobic tightly bound inhibitors similar to antimycin dissociate very slowly from their binding sites, with dissociation rates in the order of at least minutes (33, 34) . This means that antimycin bound at a particular center N will not dissociate within the 1-2 s needed to reduce cytochrome b with QH 2 or MQH 2 , thus preventing b H reduction at that center N whenever center P sites are also blocked. Even if a higher dissociation rate for antimycin were to exist, the inhibitor would not be able to bind to a center N with a reduced b H until the highly stable SQ dissociated from the site, which is unlikely (especially when DBH 2 is used as a substrate) in view of the poor fitting obtained with such a model (Fig. 3B) . Consequently, if substoichiometric concentrations of antimycin are used, only those b H hemes located at non-inhibited center N sites should undergo reduction if electron crossover from the other monomer is not possible. Simultaneously, the b H hemes at antimycin-bound center N sites should remain oxidized, and no antimycin-induced red shift should be observable if there is no electron crossover from the other monomer.
The results in Fig. 5A show that substoichiometric concentrations of antimycin bound to the stigmatellin inhibited bc 1 complex before the addition of MQH 2 were able to induce a red shift in the b H heme absorbance. The asymmetry in the red shift spectra (larger absolute absorbance of the peak than the trough) was due to the normalization procedure needed to generate a reference spectrum for each of the spectra obtained with antimycin (see "Experimental Procedures"). A decrease in the width of the red shift peak was observed at some of the high antimycin concentrations (0.8/bc 1 monomer, for example, in Fig. 5A ). This was likely due to a decreased signal to noise ratio at those concentrations in which there was little overall reduction (and thus decreased magnitude of the red shift). The amplitude of the red shift closely followed the theoretically predicted change in the relative concentration of dimers with a free and a blocked center N (Fig. 5B ). This indicates that the electrons reaching the b H hemes adjacent to antimycin were coming from the uninhibited center N in the other monomer. Similar results were obtained with DBH 2 as reducing substrate, which produces a more stable SQ after reduction of a b H heme. The amplitude of the red shifts obtained with MQH 2 was larger than with DBH 2 because of the lower extent of reduction obtained with the latter substrate (Fig. 5B) . 2 Concentrations-Since MQH 2 has a very low redox potential (E m ϭ Ϫ70 mV) relative to the b H heme (E m ϭ 120 mV, see Ref. 30) , reduction with at least 1 eq of MQH 2 per center N should result in almost full b H reduction. Surprisingly, as shown in Fig. 6 , full b H reduction (corresponding to ⌬Abs ϭ 0.108) in the presence of myxothiazol as center P inhibitor required at least 4 eq of MQH 2 . Since ϳ1 eq of endogenous Q was copurified with the yeast bc 1 complex, oxidation of cytochrome b by Q should account for the lack of full b H reduction. There are two possibilities for electrons to be enzymatically transferred from MQH 2 to Q through center N. If center N sites in a dimer are assumed to be electronically insulated from each other, Q should only take electrons by binding to those center N sites in which MQH 2 has already been oxidized by cytochrome b and MQ has dissociated. This would require a reduction phase that would reduce b H and b L to completely oxidize MQH 2 to MQ followed by a reoxidation phase. On the other hand, if electrons can equilibrate rapidly between the center N sites of the dimer, electrons should be transferred rapidly to Q without accumulating in cytochrome b following the route MQH 2 
Cytochrome b Reduction Kinetics through Center N with Variable MQH
As shown on Fig. 6A , fitting to a model that assumes electron communication between b H hemes in a dimer (Fig. 2, Scheme 3 ) closely followed the difference in the extent of cytochrome b reduction with variable concentrations of MQH 2 . The experimentally determined amount of ϳ1 endogenous Q per monomer was used for the fitting to this model. In contrast, fitting the experimental data to a model in which each center N functions independently (Fig. 2, Scheme 4 ) resulted in poor fitting (Fig. 6B) , mainly due to the inherent prediction of this model that full b H (and b L ) reduction should occur even at the lowest concentration of MQH 2 . Even the kinetic traces with higher MQH 2 concentrations were poorly fitted because the reduction of b L was minimized to bring down the extent of reduction of the traces corresponding to 1 or 2 eq of MQH 2 . If this model was modified to allow for dissociation of SQ and MSQ species (violating the assumption of highly stabilized semiquinones), a better fit was obtained (data not shown). However, the resulting fitted K d values for MSQ and SQ were 0.3 and 6 M, respectively, implying that an extremely highly unstable SQ at center would be needed to explain the kinetic data when no electron crossover between monomers is allowed.
DISCUSSION
The close proximity of the b L hemes observed in crystal structures of the bc 1 complex dimer (10 -13) has been taken in itself as evidence of intermonomer electron transfer and discussed in terms of its effect on different models of QH 2 oxidation at center P (14) . The distance between b L heme edges (10 -11 Å) is bridged by three pairs of aromatic residues (Phe-180, Tyr-184, and Phe-188 in yeast). Aromatic residues are conserved at these three positions in most cytochrome bs sequenced to date, including the b 6 subunit of the b 6 f chloroplast complex, and the few exceptions have at least 2 aromatic residues at the corresponding positions (35) . This suggests that intermonomer electron transfer at the level of the b L hemes is of importance in the overall function of the bc 1 complex. Recently, it was reported that replacing one of these pairs of aromatic residues in the bacterial bc 1 complex (the equivalent to Phe-180) decreased slightly the steady state activity and increased the production of superoxide at center P severalfold, suggesting that this mutation interfered with electron transfer between monomers (36). However, the short b L to b L distance theoretically could support fast electron transfer even without considering participation of these aromatic residues in intermonomer electron transfer (14) .
Electron communication between center N sites has been included in previous dimeric models of electron transfer within the bc 1 complex based on the EPR detection of no more than 1 SQ per dimer (15) and the kinetics of Q reduction by duroquinol when center P was inhibited (16) . However, it was proposed that such intradimer transfer occurred between two Q molecules while bound at the center N sites and not between the b hemes (15, 16) . Crystal structures of the bc 1 complex show a distance of over 26 Å between the Q molecules in the dimer and of 27 Å between b H hemes, without any discernible electron pathway formed by protein atoms in most of this space. Such distances could support electron transfer rates of only 10 Ϫ4 -10 Ϫ3 s Ϫ1 (37), which are much lower than the fitted value of 21 s Ϫ1 we have obtained for the complete b H to b H electron transfer (Fig. 3A) .
Therefore, electron equilibration must occur following the
. Considering that the difference in redox potential between the b L and b H hemes results in a 95% b H :5% b L reduction ratio at equilibrium as explained under "Experimental Procedures," it might seem that the energetically unfavorable b H 3 b L reaction would make the electron equilibration between monomers too slow to account for the present results. This is not the case, however, according to the simulated kinetics shown in Fig. 7 . Even if the b H to b L transfer is assumed to be one order of magnitude slower (Fig. 7B) , the electron equilibrates between the four redox centers in the dimeric cytochrome b within the same time scale. These very conservative estimates demonstrate that intermonomer electron communication could occur within the time scale of the observed cytochrome b reduction kinetics, which under our conditions was in the order of hundreds of milliseconds. These simulations are also consistent with the value obtained from the fitting shown in Fig. 3A for the complete electron transfer from one b H to the other (21 s Ϫ1 ), which would allow electron equilibration from one monomer to the other in ϳ0.1 s. This shows that, even assuming slower than expected electron transfer rates, the preferential residence of the electron in the b H heme due to its 150 mV higher E m relative to b L (30) does not preclude rapid equilibration of
Further evidence for b L to b L electron communication in the dimer comes from the red shift observed when the oxidized bc 1 complex was preincubated with substoichiometric concentrations of antimycin before reduction with MQH 2 or DBH 2 (Fig.  5) . These results indicate that an oxidized b H heme with antimycin bound in one center N can be reduced by oxidation of substrate occurring at center N in the opposite monomer, with the resulting shift in the reduced b H spectrum caused by the close proximity of the inhibitor. Since antimycin blocks Q binding to the center N, where it is bound, the b H heme close to the inhibitor would not be able to receive an electron through the route MQH 2 (bound to monomer A) 3 Q (bound to monomer B) 3 b H (monomer B), as proposed elsewhere (15, 16) . Therefore, the only electron transfer pathway that can explain the results of The pre-steady state reduction of cytochrome b and its inhibition by antimycin could only be fitted assuming electron transfer between cytochrome b subunits (Figs. 3 and 4) . The proposal that an antimycin molecule can move rapidly between center N sites in a dimer (18) was also considered but resulted in poor fitting of the experimental data (Fig. 3B) . This was expected since this model was used originally to explain the non-linear inhibition curves of steady state activities at center P and not of pre-steady state kinetics through center N. One of the assumptions of this model is that non-linear titration curves are observed only when the inhibitor binds to a site different from that at which the rate-limiting step occurs (18) . This condition is clearly not fulfilled in the present experiments, in which antimycin binds to the only site of the reaction. In addition, we have previously reported that an antimycinmovement model cannot explain even the non-linear inhibition of steady state activity (17) . Fast movement of antimycin between center N sites is also inconsistent with the crystal structures of the bc 1 complex, which show that there is no continuous cavity in the protein that could allow antimycin to move from one center N to the other without the inhibitor having to dissociate into the lipid/detergent phase.
Therefore, any intradimer movement of the inhibitor, which has been proposed to occur with a rate of Ͼ500 s Ϫ1 (18), could not occur faster than the dissociation of antimycin out of center N. The K d for antimycin in the isolated bc 1 complex is in the 10 Ϫ10 -10 Ϫ11 M range (38) . We have determined the association rate constant for antimycin binding (k aI ) to be ϳ5 ϫ 10
which is in the same order of magnitude as reported for other tightly bound hydrophobic inhibitors such as stigmatellin and myxothiazol (33, 34) . This value, together with the K d of 10 Ϫ10 -10 Ϫ11 M (38) , results in a very slow dissociation rate of ϳ10 Ϫ5 s Ϫ1 for antimycin in the isolated bc 1 complex. An antimycin-movement model would also require SQ to dissociate from center N in order for antimycin to leave the oxidized monomer (Fig. 2, Scheme 2) , which is in conflict with the known stabilization of SQ at center N (3-6) and the lack of superoxide anion formation when center P is inhibited by stigmatellin (7, 8) . Even assuming that all of these requirements, which are in conflict with what is known about center N structure and binding properties, do exist, the antimycin-movement model still resulted in poor fitting of the experimentally observed reduction kinetics (Fig. 3B) . The evidence against fast intradimer movement of antimycin also indicates that the red shifts observed in Fig. 5 can only be explained in terms of b L to b L electron transfer in the dimer. Given the poor fitting obtained when SQ was assumed to dissociate from center N (Fig. 3B) , reduction of b H by DBH 2 in a monomer would form a tightly bound SQ at that center N. This SQ would prevent any "rapidly moving" antimycin molecule from dissociating from an oxidized center N to bind in proximity to the DBH 2 -reduced b H heme within the 2-s time scale of the experiment. Considering the very slow dissociation rate for antimycin, even the red shifts observed after MQH 2 reduction forms a less stable MSQ can be interpreted as evidence of electrons reaching those b H hemes in close contact with the tightly bound inhibitor via the b L hemes in the dimer.
In contrast to the frequently observed non-linear inhibition of steady state activities (Ref. 18 and see Ref. 38 for a review), inhibition of cytochrome b reduction through center N as a function of antimycin concentration has been reported on only a few occasions and only by our laboratory (19, 31, 39) . Nonlinear titration curves were observed in these reports, although there was no attempt to explain this kinetic pattern. In Fig. 4 , we show that this non-linearity can be explained by using the same intermonomer electron transfer model used for fitting the kinetic traces shown in Fig. 3 . Cytochrome b kinetics without center N inhibitors, especially at low, but super-stoichiometric, concentrations of MQH 2 that result in incomplete b H reduction, could be fitted only to a model that includes electron crossover in the dimer (Fig. 6) . In contrast, a model that treated each center N site in the dimer as electronically insulated from the other predicted a higher extent of b H reduction.
Recently, we found that only half of the center P sites in the antimycin inhibited bc 1 complex were catalytically active even under conditions in which an excess of cytochrome c was available as an oxidant (17). Still, two b H hemes per dimer were found to undergo reduction. This suggested that a second turnover through the only active center P in the dimer reduced the b H heme in the adjacent monomer by b L to b L transfer. The non-linearity in the inhibition of steady state activity by antimycin, which includes a slight activation at low inhibitor concentrations, was also modeled assuming electron crossover between monomers. Our present center N kinetic results complement those obtained at center P to show that intermonomer electron transfer via the b L hemes is the only mechanism that can account for all of the experimental data.
Previous results from our laboratory have demonstrated that reduction of cytochrome b inhibits QH 2 oxidation at center P (9), either by electrostatic or by conformational effects (40, 41) . This is the case when cytochrome b reoxidation is prevented by using center N inhibitors and also when Q is absent (9) . Electron equilibration between the center N sites of the bc 1 complex dimer has been proposed to prevent the accumulation of reduced b heme (14) because of the effect of stabilizing SQ at center N, which favors oxidation of QH 2 . Formation of a stable complex of reduced b H heme with SQ at center N is analogous to formation of an antimycin:b H 2ϩ complex after oxidation of one QH 2 at center P when center N is inhibited.
We investigated the consequences of electron communication between cytochrome b subunits in the formation of inhibitory SQ:b H 2ϩ complexes at center N by using kinetic modeling, assuming that center P sites were inactive. For these simulations, we used modified versions of the models used for the fitting shown in Fig. 6 , with no MQH 2 present and a ratio of 20 QH 2 ϩ Q molecules per bc 1 complex monomer, as found in yeast mitochondria (42) . Rate constants were taken from the fitted values obtained from Fig. 6A (see Supplemental Data for full scripts). As shown in Fig. 8 , the relative proportion of SQ:b H 2ϩ at center N at QH 2 /Q ratios of 0.5 and 8 varied between 15 and 50%, assuming no electron equilibration between center N sites in the dimer (solid lines). In contrast, if electron crossover between monomers was allowed, no more than 23% of SQ:b H 2ϩ : b H 2ϩ :SQ was formed even at the highest QH 2 /Q ratio of 8 ( Fig.  8, dotted lines) . At a ratio of 0.5, only ϳ2% of the dimers would be in the stable inhibitory state (SQ:b H 2ϩ :b H 2ϩ :SQ). Since the reduction level of the Q pool in respiring mitochondria has been found to be between 10 and 40%, corresponding to QH 2 /Q ratios of 0.1-0.7, depending on the rate of ATP synthesis (43), electron crossover would ensure maximal activity at center P under physiological conditions. Even during hypoxic conditions in which the Q reduction levels are increased, equilibration between center N sites in the dimer would minimize accumulation of stable SQ:b H 2ϩ complexes (analogous to antimycin inhibited complexes), which upon restoration of normal oxygen concentrations would generate damaging reactive oxygen species.
With center P inactivated, the possibility of forming SQ:b H 3ϩ complexes at center N is only possible when intermonomer electron transfer is allowed. According to our simulations, the fully oxidized and stable SQ:b H :Q complex (Fig. 8, dashed lines) , account for 20 -25% of the total possible species at all QH 2 /Q ratios. These complexes containing SQ:b H 3ϩ would allow maximal center P activity. These considerations help to explain the high conservation of the b L 3 b L distance observed in crystal structures from phylogenetically distant organisms, as well as the increase in superoxide formation when one of the pairs of aromatic residues between these redox centers is substituted (36). Electron transfer between monomers could have additional functions, such as controlling an alternating reaction mechanism between center P sites in the dimer (17, 44) . For example, the formation and interconversion of SQ:b H 2ϩ to SQ:b H 3ϩ by electron crossover between monomers could have effects on center P catalysis, either by electrostatic effects in the b L heme of the same monomer or by conformational changes transmitted through the Rieske iron-sulfur protein, which traverses from center N in one monomer to center P in the other. Evidence for such communication between center N and P of opposite monomers is suggested by the finding that one-half of the center N sites are inactivated when assembly of the ironsulfur cluster is impaired (39) . Our present results, together with previous work (17, 21) , show that the dimeric structure of the bc 1 complex not only has a structural role in stabilizing this multisubunit enzyme but also is an essential part of its energy conserving mechanism.
